The breakdown property of oil-impregnated paper is a key factor for converter transformer design and operation, but it is not well understood. In this paper, breakdown voltages of oil-impregnated paper were measured at different temperatures. The results showed that with the increase of temperature, electrical, electro-thermal and thermal breakdown occurred successively. An electro-thermal breakdown model was proposed based on the heat equilibrium and space charge transport, and negative differential mobility was introduced to the model. It was shown that carrier mobility determined whether it was electrical or thermal breakdown, and the model can effectively explain the temperature-dependent breakdown.
Introduction
Whether a converter transformer performs well or not in service is determined by the insulation property of oil-impregnated paper. Once breakdown takes place within oil-impregnated paper insulation, the converter transformer cannot run any longer, which can cause huge social and economic loss. The breakdown property and mechanisms of oil-impregnated paper have been key factors that restrict the design and operation of converter transformers. A few investigations have shown that breakdown is related to thermal equilibrium, mechanical fracture, oil ionization, tree propagation and partial discharge [1] [2] [3] [4] [5] . However, there is still a lack of understanding regarding the breakdown of oil-impregnated paper under DC voltage [6, 7] , especially concerning the breakdown model.
According to polymer breakdown theory, breakdown is generally divided into three types: thermal breakdown, electric breakdown and long-term breakdown. Thermal breakdown results from heating of dielectrics. Due to dielectric loss, heat is generated under an applied electric field, and this will lead to the temperature of the material rising. The conductivity is consequently enhanced by temperature rise, and so is the current density. As a result, the heat generation further increases. Once heat generation exceeds dispersion, this keeps going and the temperature becomes higher and higher, leading to decomposition and carbonation. Finally, failure occurs. Electric breakdown is caused by collision ionization, and long-term breakdown is caused by irreversible physical and chemical degradation from the influence of long applied electric fields. All these theories are related to the electric fields, but neglect space charge.
It is widely known that space charge leads to electric field distortion, with local electric fields enhanced or weakened; therefore, space charge should have an important role in breakdown. A pre-stress experiment has shown that dielectric breakdown can be initiated by the space charge effect [8] . Dissado et al. [9] and Zheng et al. [10] have summarized the influence of space charge on It is known that insulating paper is a porous material and oil-impregnated paper is a kind of composite, therefore the breakdown of oil-impregnated paper is very complicated and influenced by many factors. Hence a proper breakdown system is required. Figure 1 shows breakdown systems for oil-impregnated paper insulation under DC voltage but different temperatures, where 1 denotes wall bushing, 2 denotes thermometer, 3 denotes vessel, 4 denotes calorstat, 5 denotes sample, 6 denotes oil and 7 denotes electrodes. To avoid the influence of moisture, the sealed calorstat was filled with dry nitrogen.
The capacity of the AC source is 40 kVA and the highest output is 200 kV. Through a half-wave rectifier, DC voltage is generated from the AC source. The AC voltage was increased quickly from zero, and so was the DC voltage. The DC voltage ramp speed was 1.87 kV/s. A parallel resistive divider (10,000:1) was connected to the sample, and an oscilloscope was joined to the low voltage side of it to record the waveform of the applied voltage. The breakdown voltage can be obtained from the waveform just before breakdown.
The electrodes were made up of two identical stainless-steel cylinders, which were 25 mm in diameter and 25 mm high. They met the demand of standard IEC 60243-1: 1998. Kraft paper samples were 170 µm in thickness and 100 mm in diameter. Karamay HV transformer oil was used. Its viscosity is of 9.6 × 10 −6 m 2 /s, which ranks tenth and its acid value is 0.012 mg KOH/g. The amount of oil dissolved as alkane gases was 1.24 µL/L. Both paper and oil were strictly processed before the breakdown experiments. Details regarding how samples were processed could be found in [15] . At least 15 samples were used for the breakdown voltage measurement at each temperature. 
Thermal Gravimetric Analysis and Conducitivity Measurement
TG of insulating paper was analyzed by a DSC Q2000 Thermal Gravimetric Analyzer (TA Instruments, New Castle, DE, USA). Precision balance was achieved with a sample pan located inside a furnace with a programmable control temperature. The TG analyzer continuously measured mass while the temperature of the sample changed over time. The rate of temperature increase was 5 °C per minute. The data from a thermal reaction was compiled into a plot of percentage of initial mass versus temperature.
The conductivity was measured with a Keithley 6517A electrometer (Keithley Instruments, Inc., Cleveland, OH, USA) through a cell containing three electrodes. The capability of Keithley 6517A is from 10 aA to 21 mA. Its sensitivity and accuracy meet the requirement for low current measurement as well, and the deviation is always less than ±1%. The current density to be measured was so small that low noise cables were used. Furthermore, strict shielding and guarding techniques were also adopted.
Results

Breakdown Experiments under Different Temperatures and Thermal Gravimetric Test
The breakdown voltages at different temperatures showed a stochastic property; therefore, two-parameter Weibull distribution was utilized to present the breakdown probability versus applied voltage. The cumulative distribution function over the breakdown field was calculated, as well as the scale and shape parameters. Figure 2 illustrates breakdown voltages of oil-impregnated paper under different temperatures. It could be seen that the breakdown voltages at −20 °C and 0 °C were almost the same. Furthermore, if the temperature was higher than 0 °C, the breakdown voltage decreased with the increase of temperature. Once the temperature reached 120 °C, the breakdown voltage decreased more severely. 
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Results
Breakdown Experiments under Different Temperatures and Thermal Gravimetric Test
The breakdown voltages at different temperatures showed a stochastic property; therefore, two-parameter Weibull distribution was utilized to present the breakdown probability versus applied voltage. The cumulative distribution function over the breakdown field was calculated, as well as the scale and shape parameters. Figure 2 illustrates breakdown voltages of oil-impregnated paper under different temperatures. It could be seen that the breakdown voltages at −20 °C and 0 °C were almost the same. Furthermore, if the temperature was higher than 0 °C, the breakdown voltage decreased with the increase of temperature. Once the temperature reached 120 °C, the breakdown voltage decreased more severely. TG analysis of insulating paper was presented in Figure 3 . The weight begun to decrease at 98 °C and first stopped decreasing at about 215 °C. This was because the oil contained in the sample had been totally volatilized, but the temperature was not high enough to cause decomposition of cellulose. When the temperature continued to increase, the weight of insulating paper started to decrease again at about 280 °C and it decreased rapidly. Above 370 °C, the weight hardly changed any more. This meant that the insulating paper absolutely decomposed. 
Thermal Breakdown Simulation
According to the breakdown experiments and theory, the breakdown voltage of insulating polymers decreases with the increase of temperature, but the decline rate is different at different temperatures, as illustrated in Figure 4 [16] . The breakdown generally can be divided into three classes. When T < Tc1, electric breakdown occurs. The typical phenomenon is that the breakdown voltage is not affected by temperature in general, but sometimes it increases with the increase of temperature. When Tc1 < T < Tc2, thermal breakdown occurs, which is usually caused by steady or impulsive heating. This is most often seen in experiments. Once T > Tc2, electro-mechanical breakdown takes place, which results from polymer deformation due to the polymer softening, and electrostatic force between the electrodes.
Based on thermal breakdown theory, the heat equilibrium during thermal breakdown can be expressed as: TG analysis of insulating paper was presented in Figure 3 . The weight begun to decrease at 98 • C and first stopped decreasing at about 215 • C. This was because the oil contained in the sample had been totally volatilized, but the temperature was not high enough to cause decomposition of cellulose. When the temperature continued to increase, the weight of insulating paper started to decrease again at about 280 • C and it decreased rapidly. Above 370 • C, the weight hardly changed any more. This meant that the insulating paper absolutely decomposed. TG analysis of insulating paper was presented in Figure 3 . The weight begun to decrease at 98 °C and first stopped decreasing at about 215 °C. This was because the oil contained in the sample had been totally volatilized, but the temperature was not high enough to cause decomposition of cellulose. When the temperature continued to increase, the weight of insulating paper started to decrease again at about 280 °C and it decreased rapidly. Above 370 °C, the weight hardly changed any more. This meant that the insulating paper absolutely decomposed. 
Based on thermal breakdown theory, the heat equilibrium during thermal breakdown can be expressed as: 
According to the breakdown experiments and theory, the breakdown voltage of insulating polymers decreases with the increase of temperature, but the decline rate is different at different temperatures, as illustrated in Figure 4 [16] . The breakdown generally can be divided into three classes. When T < T c1 , electric breakdown occurs. The typical phenomenon is that the breakdown voltage is not affected by temperature in general, but sometimes it increases with the increase of temperature. When T c1 < T < T c2 , thermal breakdown occurs, which is usually caused by steady or impulsive heating. This is most often seen in experiments. Once T > T c2 , electro-mechanical breakdown takes place, which results from polymer deformation due to the polymer softening, and electrostatic force between the electrodes.
Based on thermal breakdown theory, the heat equilibrium during thermal breakdown can be expressed as:
where C v is specific heat at constant volume, κ is thermal conductivity of the dielectric, σ is conductivity, T is temperature, E is electric field, t is time.
Hopping conductivity and Kelvin conductivity are frequently used to describe the conductivity of polymers. They are separately expressed as [17, 18] :
where u a is activation energy, a is hopping distance, J 0 , σ k , a k and b k are constants, and k is Boltzmann constant. The thermal equilibrium Equation (1) was numerically solved by the Richardson algorithm [19] . where Cv is specific heat at constant volume, κ is thermal conductivity of the dielectric, σ is conductivity, T is temperature, E is electric field, t is time.
where ua is activation energy, a is hopping distance, J0, σk, ak and bk are constants, and k is Boltzmann constant. The thermal equilibrium Equation (1) was numerically solved by the Richardson algorithm [19] . According to the properties of oil-impregnated paper [20] and classic parameters for describing conductivity of polymers [17] , parameters in Table 1 were used, and results of pure thermal breakdown simulation are shown in Figure 5 . Whether hopping conductivity or Kelvin conductivity was adopted, simulated thermal breakdown voltage decreased with the increase of temperature. However, except those at 90 °C, simulation results were much larger than experimental results, and the result of Kelvin conductivity was larger than that of hopping conductivity at the same temperature. Figure 6 exhibits the simulated variation of temperature within the oil-impregnated paper sample during thermal breakdown at 60 °C. The temperature increased slowly at first and then increased sharply immediately before breakdown happened, for both hopping and Kelvin conductivity. Specifically, when the growth of temperature reached 8 °C, the applied external voltage was very close to the thermal breakdown voltage. After that, a small rise of applied voltage would lead to the temperature and current rising sharply, and breakdown occurred. Figure 4 . Temperature-dependent breakdown of insulating polymers [16] . (I) T < T c1 , electric breakdown; (II) T c1 < T < T c2 , thermal or electro-thermal breakdown; (III) T > T c2 , electro-mechanical breakdown.
According to the properties of oil-impregnated paper [20] and classic parameters for describing conductivity of polymers [17] , parameters in Table 1 were used, and results of pure thermal breakdown simulation are shown in Figure 5 . Whether hopping conductivity or Kelvin conductivity was adopted, simulated thermal breakdown voltage decreased with the increase of temperature. However, except those at 90 • C, simulation results were much larger than experimental results, and the result of Kelvin conductivity was larger than that of hopping conductivity at the same temperature. Figure 6 exhibits the simulated variation of temperature within the oil-impregnated paper sample during thermal breakdown at 60 • C. The temperature increased slowly at first and then increased sharply immediately before breakdown happened, for both hopping and Kelvin conductivity. Specifically, when the growth of temperature reached 8 • C, the applied external voltage was very close to the thermal breakdown voltage. After that, a small rise of applied voltage would lead to the temperature and current rising sharply, and breakdown occurred. 
Electro-Thermal Breakdown Simulation
The bipolar charge transport model proposed by Roy [21] effectively describes space charge injection, movement and accumulation under an externally applied electric field. Based on the model, carrier movement and action within dielectrics can be expressed with Poisson, transport and convection-reaction equations, namely:
where x denotes position along the thickness direction, ρ is charge density, j is current density, ε0 is the vacuum permittivity, εr is relative permittivity of the dielectric, e is electric charge, μ is mobility, n is carrier density, and S is the source term. Details of the model can be found in [21] . Although this model is usually used for charge transport simulations in polymers such as polyethylene, and as oil-impregnated paper is a kind of complex material, it can still apply to charge transport description of oil-impregnated paper [20] . 
where x denotes position along the thickness direction, ρ is charge density, j is current density, ε0 is the vacuum permittivity, εr is relative permittivity of the dielectric, e is electric charge, μ is mobility, n is carrier density, and S is the source term. Details of the model can be found in [21] . Although this model is usually used for charge transport simulations in polymers such as polyethylene, and as oil-impregnated paper is a kind of complex material, it can still apply to charge transport description of oil-impregnated paper [20] .
Though it is different from polymers, classic parameters for polymers can still be chosen for oil-impregnated paper [20] , and typical parameters for bipolar charge transport simulations in this electro-thermal breakdown model are listed in Table 2 . Details of these symbols can be found in [22] . 
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where x denotes position along the thickness direction, ρ is charge density, j is current density, ε 0 is the vacuum permittivity, ε r is relative permittivity of the dielectric, e is electric charge, µ is mobility, n is carrier density, and S is the source term. Details of the model can be found in [21] . Although this model is usually used for charge transport simulations in polymers such as polyethylene, and as oil-impregnated paper is a kind of complex material, it can still apply to charge transport description of oil-impregnated paper [20] .
Though it is different from polymers, classic parameters for polymers can still be chosen for oil-impregnated paper [20] , and typical parameters for bipolar charge transport simulations in this electro-thermal breakdown model are listed in Table 2 . Details of these symbols can be found in [22] . The Poisson Equation (4) was resolved by the boundary element method and the splitting method was used for solving the continuity Equation (6) [21] .
With temperature-and electric field-dependent mobility being considered, results of the electro-thermal breakdown simulation are shown in Figure 7 . On the condition that when temperature reached a critical value, breakdown happened, the simulated breakdown voltage decreased with the increase of temperature, but the decreases were larger than those of experimental results except that at 90 • C. However, based on the hypothesis that when the internal electric field or temperature reached a critical value, breakdown occurred, the simulated breakdown voltages were equal to those of the experimental results except that at 60 • C. With temperature-and electric field-dependent mobility being considered, results of the electro-thermal breakdown simulation are shown in Figure 7 . On the condition that when temperature reached a critical value, breakdown happened, the simulated breakdown voltage decreased with the increase of temperature, but the decreases were larger than those of experimental results except that at 90 °C. However, based on the hypothesis that when the internal electric field or temperature reached a critical value, breakdown occurred, the simulated breakdown voltages were equal to those of the experimental results except that at 60 °C. Furthermore, with negative differential mobility being considered, results of the electro-thermal breakdown simulation are presented in Figure 8 . The simulated breakdown voltage decreased with the increase of temperature. What is more, the simulated results were very close to the experimental results. Furthermore, with negative differential mobility being considered, results of the electro-thermal breakdown simulation are presented in Figure 8 . The simulated breakdown voltage decreased with the increase of temperature. What is more, the simulated results were very close to the experimental results. Temperature-and electric field-dependent mobility was considered, and so was negative differential mobility.
Discussions
4.1.Thermal Breakdown Simulation
From Figures 2 and 4 , it could be concluded that the temperature-dependent breakdown of oil-impregnated paper between −20 °C and 120 °C agreed quite well with that of polymer breakdown theory. It can also be divided into three regions, and Tc1 ≈ 0 °C, Tc2 ≈ 90 °C. In particular, the breakdown of oil-impregnated paper between 0 °C and 90 °C was due to thermal or electro-thermal breakdown.
Temperature has little effect on the thermal conductivity of oil-impregnated paper insulation, so the influence of temperature on thermal conductivity can be neglected. Therefore, the variation of temperature within oil-impregnated paper could be calculated by using Equation (1) if temperatureand electric field-dependent conductivity were known, as expressed in Equations (2) and (3). According to the results in Figure 3 , insulating paper began to decompose at 280 °C and completely decompose at 370 °C. Hence, we can assume that once the temperature reached 370 °C (denoted by Tb), thermal breakdown would occur, neglecting the dynamic process of breakdown. For simplicity, if the highest local temperature reached Tb, the whole oil-impregnated paper sample would be seen as having failed. Calculated breakdown voltages are shown in Figure 5 and temperature variation within the sample is shown in Figure 6 . Because the heat generated by the current was hard to disperse, the temperature within the sample rose sharply and was much higher than the ambient temperature, which finally led to thermal breakdown.
Results in Figure 6 also show that when the temperature increment reached 8 °C, thermal breakdown was about to occur. This fits Murakami's experimental observations. He had observed that the temperature increment before thermal breakdown is no higher than 8 °C [17] . Nevertheless, we still noticed differences between the calculated and experimental breakdown voltages, as well as differences between the results of Kelvin and hopping conductivity in Figure 5 . The difference between hopping and Kelvin conductivity is exhibited in Figure 9 . Hopping conductivity was mostly larger than Kelvin conductivity except that at 90 °C, so the thermal breakdown voltages of hopping conductivity were smaller than those of Kelvin conductivity. The simulation just considered the highest local temperature. This meant that the local conductivity within oil-impregnated paper should be larger than hopping conductivity, especially in a high electric field or temperature region. It is known that space charge can lead to electric field distortion, resulting in a local electric field being enhanced or weakened on the one hand, and impacting electrical Temperature-and electric field-dependent mobility was considered, and so was negative differential mobility.
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Temperature has little effect on the thermal conductivity of oil-impregnated paper insulation, so the influence of temperature on thermal conductivity can be neglected. Therefore, the variation of temperature within oil-impregnated paper could be calculated by using Equation (1) if temperatureand electric field-dependent conductivity were known, as expressed in Equations (2) and (3). According to the results in Figure 3 , insulating paper began to decompose at 280 • C and completely decompose at 370 • C. Hence, we can assume that once the temperature reached 370 • C (denoted by T b ), thermal breakdown would occur, neglecting the dynamic process of breakdown. For simplicity, if the highest local temperature reached T b , the whole oil-impregnated paper sample would be seen as having failed. Calculated breakdown voltages are shown in Figure 5 and temperature variation within the sample is shown in Figure 6 . Because the heat generated by the current was hard to disperse, the temperature within the sample rose sharply and was much higher than the ambient temperature, which finally led to thermal breakdown.
Results in Figure 6 also show that when the temperature increment reached 8 • C, thermal breakdown was about to occur. This fits Murakami's experimental observations. He had observed that the temperature increment before thermal breakdown is no higher than 8 • C [17] . Nevertheless, we still noticed differences between the calculated and experimental breakdown voltages, as well as differences between the results of Kelvin and hopping conductivity in Figure 5 . The difference between hopping and Kelvin conductivity is exhibited in Figure 9 . Hopping conductivity was mostly larger than Kelvin conductivity except that at 90 • C, so the thermal breakdown voltages of hopping conductivity were smaller than those of Kelvin conductivity. The simulation just considered the highest local temperature. This meant that the local conductivity within oil-impregnated paper should be larger than hopping conductivity, especially in a high electric field or temperature region. It is known that space charge can lead to electric field distortion, resulting in a local electric field being enhanced or weakened on the one hand, and impacting electrical properties, such as conductivity and breakdown on the other hand; therefore, it is necessary to consider the influence of space charge. properties, such as conductivity and breakdown on the other hand; therefore, it is necessary to consider the influence of space charge. 
Electro-Thermal Breakdown Simulation
It was easy to obtain a combined simulation model by combining the thermal breakdown and bipolar charge transport models. Though constant mobility is often used in space charge transport, it cannot reflect the influence of temperature and electric fields. Thus, we consider temperature-and electric field-dependent mobility, as follows [18, 21] :
where ν0 is phonon frequency, and it is 4.2 × 10 14 Hz here. To accurately determine mobility, we measured the temperature-dependent conductivity of oil-impregnated paper with a 1-kV/mm electric field applied, as shown in Table 3 . The temperature-dependent conductivity of oil-impregnated paper under low electric fields can be expressed as:
where σ0 is a constant. Table 3 . Temperature-dependent conductivity of oil-impregnated paper (measured at 1 kV/mm electric field). References [23, 24] have pointed out that the activation energy of oil-impregnated paper is 0.8~0.9 eV. By data fitting, we obtained that ua = 0.84 eV, which was consistent with the literature. The calculated breakdown voltages are illustrated in Figure 7 (denoted by the temperature criterion). It could be seen that the calculated results were larger than the experimental results except that at 90 °C. This was because carrier injections from electrodes and carrier mobility were slow under lower temperatures. As a result, the current density was small, and consequently the heat generation was slow. Therefore, the calculated breakdown voltages were higher.
The breakdown process of oil-impregnated paper was very complex, involving thermal, electrical and mechanical factors [18, 25] . According to Figures 2 and 4 , breakdown voltages at −20 °C and 0 °C were hardly influenced by temperature. It could be seen as electrical breakdown and the breakdown field Eb was about 230 kV/mm. Eb could be treated as an intrinsic feature of oil-impregnated paper; namely, once a local electric field within the sample reached Eb, breakdown 
where ν 0 is phonon frequency, and it is 4.2 × 10 14 Hz here. To accurately determine mobility, we measured the temperature-dependent conductivity of oil-impregnated paper with a 1-kV/mm electric field applied, as shown in Table 3 . The temperature-dependent conductivity of oil-impregnated paper under low electric fields can be expressed as:
where σ 0 is a constant. References [23, 24] have pointed out that the activation energy of oil-impregnated paper is 0.8~0.9 eV. By data fitting, we obtained that u a = 0.84 eV, which was consistent with the literature. The calculated breakdown voltages are illustrated in Figure 7 (denoted by the temperature criterion). It could be seen that the calculated results were larger than the experimental results except that at 90 • C. This was because carrier injections from electrodes and carrier mobility were slow under lower temperatures. As a result, the current density was small, and consequently the heat generation was slow. Therefore, the calculated breakdown voltages were higher.
The breakdown process of oil-impregnated paper was very complex, involving thermal, electrical and mechanical factors [18, 25] . According to Figures 2 and 4 , breakdown voltages at −20 • C and 0 • C were hardly influenced by temperature. It could be seen as electrical breakdown and the breakdown field E b was about 230 kV/mm. E b could be treated as an intrinsic feature of oil-impregnated paper; namely, once a local electric field within the sample reached E b , breakdown happened. With the combination of the temperature criterion and electric field criterion, we obtained a combined electro-thermal criterion. The simulated breakdown voltages are presented in Figure 7 (denoted by electro-thermal criterion). The calculated breakdown voltages were very close to experimental results except the one at 60 • C.
Details of the simulation revealed that the temperature criterion took effect at 60 • C and 90 • C, while the electric field criterion took effect at 0 • C and 30 • C. This was because of the influence of temperature on the carrier injection and carrier mobility. According to Schottky's injection law and Equation (7), under low temperatures, not only was the carrier injection rate slow, but also carrier mobility was slow, which made it easy to capture by traps [22, 26] . The internal electric field was consequently distorted and reached the critical value. Under high temperatures, the carrier injection rate and mobility were both fast, so there were much more free carriers within the sample [22, 26] . Then, the current density became large, and so was the heat generation. As a result, the temperature rose rapidly and reached the critical value. However, if the ambient temperature was 60 • C, then the carrier injection and mobility were neither high nor low, as were the electric field distortion and temperature increment. Therefore, the electric field distortion was slower than those at 0 • C and 30 • C, and the temperature increment was slower than that at 90 • C, as shown in Figure 10 . A higher external voltage was needed so that the local electric field and temperature could reach the critical values. This is why the simulated result was higher than that of experimental result at 60 • C. happened. With the combination of the temperature criterion and electric field criterion, we obtained a combined electro-thermal criterion. The simulated breakdown voltages are presented in Figure 7 (denoted by electro-thermal criterion). The calculated breakdown voltages were very close to experimental results except the one at 60 °C. Details of the simulation revealed that the temperature criterion took effect at 60 °C and 90 °C, while the electric field criterion took effect at 0 °C and 30 °C. This was because of the influence of temperature on the carrier injection and carrier mobility. According to Schottky's injection law and Equation (7), under low temperatures, not only was the carrier injection rate slow, but also carrier mobility was slow, which made it easy to capture by traps [22, 26] . The internal electric field was consequently distorted and reached the critical value. Under high temperatures, the carrier injection rate and mobility were both fast, so there were much more free carriers within the sample [22, 26] . Then, the current density became large, and so was the heat generation. As a result, the temperature rose rapidly and reached the critical value. However, if the ambient temperature was 60 °C, then the carrier injection and mobility were neither high nor low, as were the electric field distortion and temperature increment. Therefore, the electric field distortion was slower than those at 0 °C and 30 °C, and the temperature increment was slower than that at 90 °C, as shown in Figure 10 . A higher external voltage was needed so that the local electric field and temperature could reach the critical values. This is why the simulated result was higher than that of experimental result at 60 °C. Negative differential mobility is a common phenomenon in semiconductors, such as the Gunn Effect. As regards dielectrics, Lewis predicted this phenomenon in hole transport modeling in polyethylene [27] ; George observed it in the research of space charge packets in polyethylene, but neither researcher could explain it [28] . This phenomenon in oil-impregnated paper has not been reported so far; therefore, we suppose that it exists in oil-impregnated paper, but further research is required. For simplicity, it could be assumed to be controlled by activation energy, ua, if the electric field was higher than a critical value Eμ, ua = 1.1 eV; otherwise, ua = 0.84 eV. With this assumption and Eμ = 200 kV/mm, the simulated electro-thermal breakdown voltages are illustrated in Figure 8 . These decreased with the increase of temperature and they were close to the experimental results.
Once temperature is over 113 °C, the secondary structure of cellulose changes, which leads to a rapid increment of conductivity [29] . So, it was no surprise that the breakdown voltage at 120 °C decreased much more.
Conclusions
The breakdown of oil-impregnated paper is a complicated process and it is important to propose a breakdown model. It has been proved that temperature and space charge have a great influence on the breakdown process. In this paper, temperature-dependent breakdown voltages of oil-impregnated paper were measured and an electro-thermal breakdown model was proposed. The Negative differential mobility is a common phenomenon in semiconductors, such as the Gunn Effect. As regards dielectrics, Lewis predicted this phenomenon in hole transport modeling in polyethylene [27] ; George observed it in the research of space charge packets in polyethylene, but neither researcher could explain it [28] . This phenomenon in oil-impregnated paper has not been reported so far; therefore, we suppose that it exists in oil-impregnated paper, but further research is required. For simplicity, it could be assumed to be controlled by activation energy, u a , if the electric field was higher than a critical value E µ , u a = 1.1 eV; otherwise, u a = 0.84 eV. With this assumption and E µ = 200 kV/mm, the simulated electro-thermal breakdown voltages are illustrated in Figure 8 . These decreased with the increase of temperature and they were close to the experimental results.
Once temperature is over 113 • C, the secondary structure of cellulose changes, which leads to a rapid increment of conductivity [29] . So, it was no surprise that the breakdown voltage at 120 • C decreased much more.
The breakdown of oil-impregnated paper is a complicated process and it is important to propose a breakdown model. It has been proved that temperature and space charge have a great influence on the breakdown process. In this paper, temperature-dependent breakdown voltages of oil-impregnated paper were measured and an electro-thermal breakdown model was proposed. The following conclusions can be drawn:
In the range of −20~120 • C, the breakdown of oil-impregnated paper can be divided into three regions: electric, electro-thermal and thermal breakdown.
At the moment preceding thermal breakdown, the temperature within oil-impregnated paper rises sharply. When the temperature increment reaches 8 • C, the breakdown is about to take place and the external applied voltage is almost equal to the breakdown voltage; therefore, attention should be paid to a sharp rise of temperature in application.
Carrier mobility has a great effect on the breakdown process. When mobility is low, carriers are easy to capture, leading to electric field distortion. The local electric field in some regions is consequently enhanced. However, if the mobility is high, carriers are free to move and Joule heat is generated, resulting in local temperature increment. They both can finally induce breakdown.
With a combination of the bipolar carrier transport simulation model and the heat equilibrium equation, and temperature-and electric field-dependent mobility being considered, an electro-thermal breakdown model of oil-impregnated paper is thereby established. The simulation results are consistent with the experimental results, but further research on mobility property is required.
